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Abstract. Most of the annual precipitation in the arid Middle East falls on only a few days per year during the cool season,
having important implications for water resources and hydrometeorological hazards. Previous studies have shown that daily
precipitation in the Middle East is modulated by both intraseasonal variability in tropical convection related to the Madden-
Julian Oscillation (MJO) and midlatitude Rossby wave dynamics. However, their respective contributions to precipitation
variability and their underlying mechanisms remain largely unexplored. This study quantifies the separate and joint influence
of the MJO and midlatitude Rossby wave dynamics on daily to multi-day precipitation variability in the arid Middle East
during the wet season (November-April) and explores the underlying mechanisms. To this end, we use daily precipitation
observations and atmospheric reanalysis data for the period 1979-2020 along with diagnostics of Rossby wave packets and
Rossby wave breaking. Our findings indicate that the remote influence of the MJO and local midlatitude Rossby wave forcing
operate largely independent of each other and exert an approximately equal influence on Middle Eastern precipitation
variability. Consistent with previous studies, reduced (enhanced) tropical convection over the eastern Indian Ocean and
Maritime Continent during MJO phases 8 and 1 (4 and 5) increases (decreases) precipitation by more than 50%. MJO
convective activity influences Middle Eastern precipitation through a baroclinic response in the regional tropical circulation,
consistent with the Matsuno-Gill model, inducing anomalies in the upper- and lower-tropospheric circulation, in atmospheric
moisture transport into the region, and in large-scale vertical motion over the region. The immediate influence of the MJO via
the regional tropical circulation does not alter the propagation and breaking of Rossby waves into the region in a manner that
is consistent with wet or dry conditions. However, our findings suggest an extratropical pathway through which the MJO
modulates precipitation over the Middle East with an approximately two-week lag, extending wet or dry conditions induced
by the immediate MJO influence. The concurrence of the MJO with anomalous Rossby wave forcing can amplify or mute the

precipitation response that would be expected from midlatitude forcing alone through strengthening or weakening the
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atmospheric moisture supply and through reinforcing or offsetting large-scale vertical motion over the region. This study
contributes to improved process understanding of tropical and extratropical controls on precipitation variability in the water-
scarce Middle East with implications for medium-range to sub-seasonal prediction of precipitation and early warnings for

drought and flood hazards.

1. Introduction

Precipitation in the arid Middle East has important societal implications as it can replenish scarce water resources but also
gives rise to flood hazards. Much of the region’s annual precipitation comes as heavy rainfall limited to only a few days per
year (Almazroui and Saeed, 2020; Zittis et al., 2021). These sparse precipitation events provide an essential recharge of
freshwater resources through refill of aquifers and the harvest of flood water (Abbas et al., 2020; Sherif et al., 2023; Raoufi
and Tsubaki, 2025). Given that 70% of the region’s agriculture is rain-fed, a prolonged absence of precipitation can result in
drought with detrimental impacts on food security and the local economy (Waha et al.,, 2017). While water demand
continuously increases due to the rapidly growing population (ESCWA, 2025), water availability is projected to decrease
owing to a decline in precipitation and a rise in atmospheric evaporative demand due to climate change (Chenoweth et al.,
2011; Barlow et al., 2016; Zittis et al., 2022). At the same time, infrequent precipitation at high intensity can lead to sudden
flash floods in dry riverbeds or valleys known as wadis. Such flood events repeatedly cause large numbers of fatalities and
widespread damage to infrastructure and property (Hochmann et al., 2022; Coleman et al., 2026). For these reasons, it is of
high importance to understand the atmospheric processes that modulate precipitation variability on daily to multi-day
timescales. This knowledge can support the interpretation of medium-range to sub-seasonal prediction and guide early

warnings for drought and flood hazards.

Geographically, the Middle East lies at the crossroads of the European, African, and Asian continents. Accordingly, the Middle
Eastern climate is influenced by circulation regimes extending from these three continents, including the midlatitude westerlies
and extratropical weather systems over Europe, tropical easterlies over equatorial Africa, and the Asian monsoon. During the
warm season, from June to September, the Middle East remains virtually dry due to the influence of the South Asian summer
monsoon imposing large-scale subsidence over the region, inhibiting upward motion and precipitation (Tyrlis et al., 2013).
Although the weather during the extended cool season is usually dry as well, extratropical weather systems, sometimes referred
to as westerly disturbances or Cyprus Lows, can bring abundant precipitation (Saaroni et al., 2010; Cannon et al., 2017; Hunt
et al., 2018). These midlatitude weather systems can also interact with the tropical circulation, fostering the intrusion of warm,
moist air masses of tropical origin into the arid Middle East, which in turn supports the formation of deep moist convection
and heavy rainstorms. Such tropical-extratropical interactions can take the form of distinct regional weather phenomena, such
as the active Red Sea Trough or tropical plumes (Kahana et al., 2002; Rubin et al., 2007; De Vries et al., 2013; Tubi et al.,

2017; Armon et al., 2018). In this study, the focus is on the larger-scale tropical and extratropical forcing mechanisms that
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shape precipitation variability and local atmospheric conditions over the Middle East. In this context, two processes are of

specific interest: intraseasonal variability of tropical convection and midlatitude Rossby wave dynamics.

Intraseasonal variability in global weather and climate is dominated by the Madden-Julian Oscillation (MJO), which is
characterized by anomalous tropical convection moving eastward over the tropical Indo-Pacific Oceans with a periodicity of
approximately 30-60 days (Madden and Julian, 1971; Zhang et al., 2013). Previous studies have shown that intraseasonal
variability in tropical convection, related to the MJO, also modulates precipitation variability across the Middle East and
Southwest Asia (Hoell et al., 2012, 2013b). Stations in Saudi Arabia, Iran, and Afghanistan tend to measure increased
(decreased) precipitation associated with reduced (enhanced) convection over the eastern Indian Ocean and Maritime
Continent (Barlow et al., 2005; Nazemosadat and Ghaedamini, 2010; Almazroui, 2023). When expressed by the commonly
used 8 MJO phases of Wheeler and Hendon (2004), existing studies have reported similar patterns with precipitation increases
for MJO phases 1, 2, 7, and 8 and precipitation decreases for MJO phases 3, 4, 5, and 6 (Tippett et al., 2015; Pourasghar et al.,
2015; Nazemodadat and Shahgholian, 2017; Almazroui, 2023). Other work linked MJO phases 6-8 to wet conditions and MJO
phases 2-4 to dry conditions over the Middle East and Southwest Asia (Hoell et al., 2018). The profound influence of the MJO
on Middle East hydrometeorological conditions is not only evident from anomalies in precipitation amounts and extreme
precipitation occurrences, but also from its association with major flood events (Barlow et al., 2005; Hoell et al., 2012) and its
ability to overwhelm precipitation variability at seasonal to interannual timescales (Barlow et al., 2005), sometimes

unexpectedly overriding seasonal predictions (Hoell et al., 2025).

Previous studies have examined the atmospheric mechanisms through which the MJO modulates precipitation variability in
the Middle East. Enhanced tropical convection over the eastern Indian Ocean and Maritime Continent induces a Rossby wave
response in the form of an upper-tropospheric anticyclonic circulation and warm structure anomaly extending northwestward
across South Asia and the Middle East (Barlow et al., 2005). Given that the prevailing upper-tropospheric winds are westerlies,
these conditions imply cold air advection which is thermodynamically balanced by subsidence (Barlow et al., 2007; Hoell et
al., 2012). In the lower troposphere, an opposite cyclonic circulation anomaly manifests with anomalous northeasterly winds
over the Middle East, weakening the southwesterly atmospheric moisture transport into the region (Nazemosadat and
Ghaedamini, 2010; Hoell et al., 2018). These conditions lead to a substantial precipitation decrease across the region.
Conversely, for reduced tropical convective activity over the eastern Indian Ocean and Maritime Content, a reversed circulation
response emerges. A cyclonic circulation anomaly establishes in the upper troposphere and an anticyclonic anomaly in the
lower troposphere, associated with thermodynamically-driven ascent and strengthened moisture transport from the southwest
into the Middle East (Nazemosadat and Ghaedamini, 2010; Hoell et al., 2018). This baroclinic response to tropical convection
anomalies can be explained by the Matsuno-Gill model which is based on linearized wave equations in a shallow water model
on an equatorial beta plane (Matsuno, 1966; Gill, 1980). However, a potential influence of the MJO on Middle Eastern

precipitation variability through modulating midlatitude weather systems, which are of key importance for precipitation
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generation at daily timescales, has not yet been investigated. Such a potential influence could arise from a regionally altered
background flow over the Middle East, favoring or hindering midlatitude storms passing through the region, or via an eastward
propagating Rossby wave response in the extratropical circulation modulating synoptic-scale weather systems throughout

much of the Northern Hemisphere (Mundhenk et al., 2016; Guo et al., 2017; Quinting et al., 2024; Toride et al., 2026).

Midlatitude forcing has also widely been linked to precipitation formation in the Middle East. This forcing can take the form
of various extratropical weather systems such as surface cyclones (e.g., the Cyprus Low), mid-tropospheric troughs and cutoff
lows, and warm conveyor belts (Evans and Smith, 2006; Kumar et al., 2015; Almazroui et al., 2016; De Vries et al., 2016;
Nelli et al., 2021; Breeden et al., 2023). It can be argued that these midlatitude weather systems have a common origin in
extratropical Rossby waves propagating across the Middle East, often followed by the breaking of these waves into low
latitudes (Vries et al., 2018; Tuel et al., 2022; Sandler et al., 2024; Francis et al., 2025). These Rossby waves originate from
the North Atlantic or the North American continent several days prior to the occurrence of precipitation in the Middle East,
followed by their propagation and decay over South Asia and the West Pacific (Feldstein and Dayan, 2008). Previous studies
have inferred these eastward moving Rossby wave trains from EOF analysis of meridional wind fields, reflecting circumglobal
wave trains, as well as from composites of upper-tropospheric meridional winds, stream function, geopotential height, or wave
activity flux (Feldstein and Dayan, 2008; Saeed and Almazroui, 2019; Atif et al., 2020; Alizadeh et al., 2020; Govardhan et
al., 2025). In this study, we extend previous work by explicitly identifying Rossby wave dynamics using diagnostics of Rossby
wave packets and Rossby wave breaking to quantify the space-time characteristics of these processes in relation to precipitation

variability over the Middle East.

Extratropical Rossby waves are not only associated with precipitation formation in the Middle East but also with anomalously
dry conditions in the region. Previous studies have linked dry spells or dry extremes to different atmospheric configurations,
including an expansion of the subtropical anticyclone over the Mediterranean, a ridge over the eastern Mediterranean as part
of a Rossby wave, and a trough to the northeast of the region (Saaroni et al., 2015). These circulation patterns can contribute
to dry conditions through subsidence, dry air advection, and surface radiative processes (Berkovic and Raveh-Rubin, 2022).
These atmospheric configurations have also been linked to a decrease in Cyprus Low activity and a northward displacement
of the storm track over the Mediterranean basin (Saaroni et al., 2019; Sandler et al., 2024). Existing research on the atmospheric
circulation associated with dry conditions is mostly focused on the eastern Mediterranean and Iran (Oikonomo et al., 2010;

Raziei et al., 2012; Ghassabi et al., 2021), leaving a large part of the Middle East understudied.

To summarize, while previous studies have investigated the influence of the MJO and midlatitude Rossby wave dynamics on
Middle Eastern precipitation variability separately of one another, it remains unclear how the combination of these tropical
and extratropical forcing mechanisms modulate the precipitation. Specifically, it is unclear whether the MJO influences Middle

Eastern precipitation via a response in midlatitude Rossby wave forcing or whether these two forcing mechanisms operate
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largely independent of one another. This study investigates the separate and joint influence of the MJO and Rossby wave
dynamics on daily to multi-day precipitation variability in the Middle East during the wet season (November to April) and
explores the underlying mechanisms. First, we explore the signatures in tropical and extratropical circulation based on wet and
dry events in the Middle East. Second, we quantify the influence of the MJO on Middle Eastern precipitation variability at
local and spatially aggregated scales and explore the underlying mechanism via tropical and extratropical circulation pathways.
Third, we determine the concurrent influence of the MJO and extratropical Rossby wave dynamics on Middle Eastern

precipitation variability and associated atmospheric conditions.

The manuscript is outlined as follows. Section 2 describes the employed data, methods, and diagnostics. Section 3 explores
the signatures of Middle Eastern wet and dry events in the tropical and extratropical circulation patterns. Section 4 quantifies
the influence of the MJO on Middle Eastern precipitation variability at local and spatially aggregated scales, and examines the
underlying mechanisms by revisiting the baroclinic response in the regional (sub)tropical circulation and by exploring the
influence of the MJO on Rossby wave dynamics via the regional tropical circulation and the circumglobal extratropical
circulation. Section 5 quantifies the concurrent influence of the MJO and Rossby wave dynamics on Middle Eastern
precipitation variability and accompanying atmospheric conditions. The study is concluded by summarizing the results in

section 6.

2. Data and methodology
2.1 Datasets and MJO events

This study uses several observation-based datasets for quantifying Middle Eastern precipitation variability and the underlying
atmospheric processes for the period of 1979-2020. We use daily precipitation from the Multi-Source Weighted Ensemble
Precipitation (MSWEP) version V280 dataset, which is based on a combination of precipitation from reanalysis, satellite-based
estimates, and station observations (Beck et al., 2019). Furthermore, we use ERAS5 reanalysis data from the European Centre
for Medium-Range Weather Forecasts (ECMWF) for studying the atmospheric processes linked to precipitation variability
(Hersbach et al., 2020). To determine the influence of the MJO, we use daily values of the real-time multivariate MJO (RMM)
index (Wheeler and Hendon, 2004), retrieved from the Australian Bureau of Meteorology. The RMM index describes the
location and strength of anomalous tropical convection and circulation by eight phases and its amplitude. MJO events of each
phase are defined by periods with an RMM amplitude greater than or equal to unity that persist for at least three consecutive

days in that phase.

2.2 Wet and dry events

To identify wet and dry events in the Middle East, we define a target region based on objective hydroclimatic conditions. This

target region is also used for quantifying the influence of the MJO and Rossby wave dynamics on spatially aggregated
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variability in precipitation across the region. The target region is defined as the area of 10-70°E and 15-45°N and includes only
grid points that (1) receive more than 80% of their annual precipitation in the MSWEP data during the wet season (November
to April), (2) have an arid to hyper-arid climate, defined by aridity index values, computed as the ratio of precipitation over
evapotranspiration in monthly CRU data (Haris et al., 2020), falling below 0.2, and (3) represent land area (Fig. 1a). These
criteria focus the target region on the area where precipitation formation is primarily governed by midlatitude forcing during
the cool season — opposed to precipitation forming under the influence of the Inter-tropical convergence zone and monsoons
during the warm season — and where precipitation is relatively scarce and thus has important socio-environmental relevance.
This definition follows De Vries et al. (2026) but excludes the transitions months October and May. During these months, the
circulation patterns of wet and dry events differ somewhat compared to those of the core wet season months from November
to April (not shown), suggesting a relatively weak and spatially varying influence of the MJO and midlatitude forcing on

Middle Eastern precipitation during these transition months.

Wet and dry events are defined by anomalous precipitation amounts at daily timescales relative to climatology. Specifically,
wet events are defined by at least two consecutive days with spatially aggregated precipitation exceeding 100% from
climatology (i.e., a doubling). Likewise, dry events are defined by at least two consecutive days with spatially aggregated
precipitation falling below 10% of climatology (i.e., a reduction by more than 90%). The climatological baseline is defined by
a 21-day running mean of spatially aggregated precipitation to remove the strong seasonal cycle in precipitation over the
region, allowing for the evaluation of variability in precipitation at daily timescales relative to climatological conditions for
that time of the year (Fig. 1b). While it can be argued that a typical day in the Middle East remains dry, it should be kept in
mind that wet and dry events are not defined locally but based on a large area. Furthermore, while we recognize that the
persistence of dry days (i.e., dry spells) matters, we intentionally define dry events using the same duration criterion as for wet

events to ensure symmetry of the analysis and to facilitate the comparison between wet and dry events.

2.3 Diagnostics for identifying Rossby wave packets and Rossby wave breaking

The influence of extratropical forcing on Middle Eastern precipitation is assessed by exploring the evolution of Rossby wave
packets (RWP) and Rossby wave breaking (RWB). Local RWP amplitudes in space and time are diagnosed based on
meridional wind fields filtered to wavelengths between 2,000 and 10,000 km, following Fragkoulidis et al. (2020). This
diagnostic considers the envelope of absolute values of meridional wind and does not contain information on the phase of the
transient Rossby wave packets (troughs and ridges). Existing research pointed to RWPs as upstream precursors of precipitation
events in many parts of the world (Ali et al., 2021), including the southern Alps (Martius et al., 2008; Grazzini et al., 2021),
Australia (Tozer et al., 2018), and South America (Matis et al., 2024).

Additionally, we consider RWB as this atmospheric process is a key driver of heavy precipitation events across the broader

Middle East during the wet season (De Vries et al., 2018). We adopt the algorithm from De Vries et al. (2024), which is based
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on the method originally introduced by Wernli and Sprenger (2007). This algorithm identifies elongated and isolated structures
in potential vorticity (PV) contours at the dynamic tropopause, referred to as PV streamers and cut-off lows, respectively,
serving as indicators of RWB. We compute PV fields from ERAS5 data on model levels and interpolate these onto isentropic
surfaces between 275-360K with 5K intervals. For identifying PV streamers and cutoff lows, we use contour lines of 2 PV
units (PVU; 1 PVU = 1*¥10°° kg K'! m? s™!) demarcating the boundary between tropospheric and stratospheric air masses. PV
streamers are based on geometric criteria with a minimum spherical length of 1,000 km, a maximum width of 1,500 km, and
a ratio of length over width larger than 1 (De Vries et al., 2018, De Vries, 2021). PV cutoff lows are tested on specific and
relative humidity to remove structures resulting from diabatic processes and to only retain those of stratospheric origin
(Portmann et al., 2021). For more details on this diagnostic, we refer to De Vries et al. (2024). Hereafter, PV streamers and

cut-off lows with stratospheric air masses (PV > 2 PVU) are referred to as stratospheric PV structures.

2.4 Anomalous Rossby wave breaking events

In a similar way to that for wet and dry events, we also define events with anomalous Rossby wave breaking occurrence. For
this purpose, we compute daily timeseries of spatially averaged vertically aggregated stratospheric PV structure occurrences
across isentropic surfaces between 300-350K in the 25-45°E and 20-40°N domain. As for wet and dry events, we account for
seasonality by computing anomalies in daily values from climatology by using a 21-day running mean. Events with
anomalously high or low Rossby wave breaking occurrence are defined by consecutive days on which the spatially averaged
running mean anomalies exceed +1 or fall below —1 standard deviation from climatology, respectively. Different from wet and

dry events, we include Rossby wave breaking events of any duration, including events that last one day only.

2.5 Compositing and significance testing

We construct composites of anomalies in precipitation and the atmospheric circulation to examine the influence of the MJO
and extratropical Rossby wave dynamics on rainfall variability in the Middle East. To this end, we compute for each day or 6-
h time step the anomalies with respect to a 21-day running mean to remove the seasonal cycle, consistent with our approach
for defining wet and dry events and anomalous RWB events. Composites are constructed based on wet and dry events, MJO
events, and anomalous RWB events. To test these composites for statistical significance, we apply a Monte Carlo test by
drawing random days from the period under consideration (November to April, 1979 to 2020) corresponding to the sample
number on which the composites are based. This procedure is repeated 1,000 times to construct a null hypothesis assuming no
relation between the event under consideration and precipitation or the atmospheric circulation anomalies. Statistical
significance is then evaluated by comparing the observed value against the random distribution and applying a two-sided test
at the p < 0.05 level, i.e., deeming observed values in the lower or upper 2.5 percentiles significant, unless mentioned
otherwise. For analyses based on 4-day or 5-day episodes, we adopt the same procedure whereby randomly drawn samples

also consist of equivalent multi-day chunks to ensure an adequate statistical evaluation.
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3. A wet and dry event perspective on tropical and extratropical forcing

Atmospheric circulation composites based on wet events in the Middle East reveal key signals in both the extratropical and
tropical circulation (Fig. 2). In midlatitudes, a Rossby wave train emerges over a region spanning from the eastern North
Atlantic to Southwest Asia (Fig. 2a). At the onset of wet events (i.e., the first day of a wet event), a vigorous dipole in the
upper-tropospheric meridional winds manifests over the Middle East with strong northerly and southerly winds over the eastern
Mediterranean and northern Arabian Peninsula, respectively. This configuration of upper-tropospheric winds reflects the
presence of a strong upper-level trough, commonly observed during heavy precipitation events in the region (Evans and Smith,
2006; Kumar et al., 2015; De Vries et al., 2018). Consistent with this notion, Rossby wave breaking frequencies are increased
at this location by over 100% from climatology (purple hatching in Fig. 2a). Time lagged composites of Rossby wave packet
amplitude anomalies reveal that the Rossby wave train originates from the North American continent approximately five days
prior to the onset of wet events (Fig. 2b). The wave train propagates eastward over the North Atlantic, Europe, North Africa,
the Middle East, and South Asia, and then decays over the Pacific approximately 5-8 days after the wet event onset. This wave
train demonstrates noteworthy characteristics, well-known from theory (Wirth et al., 2018), moving northeastward over the
North Atlantic followed by propagation in a southeastward direction prior to the precipitation event onset (not shown),
reflecting a turning latitude, and then propagating eastwards, while being trapped within the subtropical jet over North Africa,

the Middle East, and South Asia (Fig. 2a,b).

In the tropics, we observe a tripole pattern in anomalous outgoing longwave radiation (OLR), indicative of suppressed tropical
convection over the eastern Indian Ocean and Maritime Continent and enhanced tropical convection over Equatorial Africa
and the Central Pacific (Fig. 2a). Coherent eastward propagation of these anomalies during a -15 to +25 day lag window with
respect to the wet event onset suggests a strong link to the MJO (Fig. 2¢). Consistent with these tropical OLR anomalies, we
observe westward and eastward atmospheric moisture transport anomalies over the Indian Ocean and Pacific Ocean,
respectively (Fig. 2a). Over the western Indian Ocean, the anomalous westerly moisture transport turns in a northward direction
into the Middle East, providing moisture supply for precipitation formation in a region that coincides with the eastern flank of
equatorward breaking Rossby waves (Fig. 2a). Thus, the composites demonstrate that Middle Eastern wet events are linked to
eastward propagating Rossby waves breaking into low latitudes and intraseasonal variability in tropical convection associated

with the MJO.

For dry events, we observe similar atmospheric circulation patterns as for wet events but of opposite sign. (Fig. 3). In
midlatitudes, a Rossby wave train emerges again in a domain spanning from the northeastern Atlantic to Southwest Asia (Fig.
3a) with some noteworthy distinct characteristics from wave trains during wet events (Fig. 2a): The dry-event wave train
demonstrates a strong northeastward propagation over the North Atlantic and Europe followed by strong southeastward

propagation towards lower latitudes farther to the east. Importantly, this wave train imposes a ridge over the Middle East region
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evident from the strong southerly upper-tropospheric winds over the eastern Mediterranean and northerly winds over the
Zagros Mountains and Iranian Plateau and from reduced Rossby wave breaking frequencies over the broader eastern
Mediterranean (Fig. 3a). Similar to the wet events, this wave train originates from eastern North America, moves eastwards
across the North Atlantic, Europe, the Middle East, and South Asia, and then decays over the Pacific in a period spanning from
approximately 5 days before to 8 days after the dry-event onset (Fig. 3b). Note that the dry-event wave train is clearly visible
in the 250-hPa meridional wind anomalies but features negative RWP amplitude anomalies (Fig. 3a,b), suggesting that it is
not the amplitude but the phase of the Rossby wave that is critical for bringing about dry conditions over the Middle East.
Another noteworthy difference compared to wet events is that the dry-event wave train exhibits eddies with stronger quasi-
stationary behavior, remaining in place throughout the duration of the wave train passing by (Fig. 3b). In the tropics, OLR
anomalies indicate enhanced convection over the eastern Indian Ocean and Maritime Continent and reduced convection over
equatorial Africa and the Central Pacific (Fig. 3a). The eastward progression of these anomalies at intraseasonal timescales
clearly points to a dominant role of the MJO but being in opposite phase compared with wet events (Fig. 3¢c). Anomalous
atmospheric moisture transport is primarily westerly over the Indian Ocean and northeasterly over the Middle East (Fig. 3a),
suggesting weakened moisture transport into the region given that the climatological mean moisture transport is from

southwesterly directions.

A month-by-month comparison of composites based on wet events generally shows very similar signals in the extratropical
and tropical circulation, suggesting that extratropical Rossby wave packets and MJO-like tropical convection anomalies play
a central role in modulating Middle East precipitation anomalies during each month of the wet season (Figs. S1-6). Some
noteworthy differences manifest in specific months. While wet events in all months are accompanied by extratropical Rossby
wave trains passing over the Middle East and neighboring regions, their group- and phase-velocity, and their regions of origin
and decay differ by month. For example, in January and March (Figs. S3, S5), Rossby wave packets originate from the
northeast Pacific and North America about 7 days prior to the onset of wet events, travel over the Atlantic and Eurasian
continent, and decay over the West Pacific approximately 5 days after the wet event onset, consistent with the findings of
Feldstein and Dayan (2008) for the winter season. For November and April (Figs. S1, S6, respectively), the phase velocity of
the Rossby wave packets is lower compared with the core winter months, likely linked to the varying background conditions
of the zonal winds during the wet season. Furthermore, the seasonally varying relevance of other climate variability modes
over the Indian and Pacific Oceans for Middle Eastern precipitation variability may also contribute to the month-to-month

variation in atmospheric circulation patterns associated with wet events (De Vries et al., 2026).
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4. The influence of the Madden-Julian Oscillation
4.1 Precipitation variability

Previous studies have investigated the influence of the MJO on precipitation variability across the Middle East and Southwest
Asia focusing on tropical convection anomalies over the eastern Indian Ocean and Maritime Continent (Barlow et al., 2005;
Nazemosadat and Ghaedamini, 2010) as well as single or combined phases of the MJO (Tippett et al., 2015; Pourasghar et al.,
2015; Nazemosadat and Shahgholian, 2017; Hoell et al., 2018; Almazroui, 2023). This section synthesizes and extends
previous work by quantifying how each phase of the MJO modulates precipitation variability in the Middle East at both local
and regional scales, how this relationship evolves as a function of time lag with respect to the MJO event onset, and how this

relationship varies during the warm and cold phases of El Nifio-Southern Oscillation (ENSO).

Figure 4 shows the relative anomalies in precipitation composited on the onset of MJO events in all eight phases during pentads
0, 1, and 2, corresponding to lagged days from 0 to +4, +5 to +9, and +10 to +14, respectively. Precipitation increases in the
Middle East are strongest for MJO phases 8 and 1 during pentads 0 and 1, exceeding 100% over parts of the region, i.c., a
doubling from climatology (Fig. 4a,b,v,w). Conversely, the largest precipitation decreases occur for MJO phases 4 and 5 during
pentads 0 and 1, falling below 75% from climatology over much of the region of interest (Fig. 4j,k,m,n). For all MJO phases,
the precipitation anomalies manifest primarily over the southern and eastern portions of the target region in the Middle East
and tend to move eastward with consecutive MJO phases and during the consecutive pentads, consistent with the eastward

progression of the MJO.

Time lagged relative anomalies in spatially aggregated precipitation bear distinct signatures of the MJO up to three weeks after
the onset of MJO events (Fig. 5a). Consistent with the 30-to-60-day periodicity of the MJO, the precipitation anomalies hold
the same sign for approximately 15 to 30 consecutive days for each MJO phase, in agreement with previous research (Barlow
et al., 2005). Mean precipitation increases are largest following MJO events in phases 8 and 1 approximately 4-5d after their
onset exceeding 50% from climatology. In contrast, precipitation decreases are strongest on 7d and 2d following the onset of

MJO events in phases 4 and 5, respectively, falling below 50% from the climatological mean.

We recognize that the MJO-related precipitation anomalies may bear underlying signatures from other climate variability
modes given the well-documented influence of ENSO on both interannual precipitation variability across the Middle East (e.g.,
Cannon etal.,2017; Hoell et al., 2018; Alizadeh and Mousavizadeh, 2025; De Vries et al., 2026) and on the MJO characteristics
(Hendon et al., 1999; Pohl and Matthews, 2007; Wei and Ren, 2019; Wang and Li, 2021). To explore how ENSO conditions
modulate the MJO-Middle Eastern precipitation relationship, we separate MJO events from Fig. 5a into those occurring during
El Niflo and La Nifia conditions (Fig. 5b,c). Under El Nifio conditions, the MJO influence on Middle Eastern precipitation is

less coherent (Fig. 5b), lacking the multi-day episodes with large and significant precipitation anomalies as observed

10



325

330

335

340

345

350

355

https://doi.org/10.5194/egusphere-2026-5324
Preprint. Discussion started: 9 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

irrespective of ENSO phase (Fig. 5a). In contrast, under La Nifia conditions, the MJO influence on Middle East precipitation
variability manifests more strongly, with multi-day periods of large and significant precipitation reductions lasting well beyond
3 weeks after the onset of MJO events (Fig. Sc). These differences are consistent with the asymmetric influence of ENSO on
Middle Eastern precipitation: El Nifio conditions are associated with a moderate precipitation increase, primarily during
autumn and to a lesser extent in spring, while La Nifia conditions are linked to a strong precipitation decrease throughout the
cool season (De Vries et al., 2026). While it is beyond the scope of the present study to explore this aspect further, the analysis
shows that the MJO influence on Middle Eastern precipitation, particularly decreases, can be expected to be stronger under La

Nifia conditions than under El Nifio conditions.

4.2 Revisiting the baroclinic response in the regional tropical circulation

Next, we revisit the well-documented regional circulation response through which the MJO modulates precipitation variability
in the Middle East. Figure 6 presents composites of anomalies in outgoing longwave radiation (OLR), 200-hPa geopotential
height, and 850-hPa horizontal wind during pentad 0 after the onset of MJO events in each of the eight phases. Consistent with
the nature of the MJO, the OLR anomalies move eastward across the tropical Indo-Pacific Oceans with progressing MJO
phases, corresponding to reduced tropical convection over the eastern Indian Ocean and Maritime Continent during phases 7,
8, and 1 (Fig. 6a,b,c) and enhanced tropical convection over this region during phases 3, 4, and 5 (Fig. 6e,f,g). These reduced
and enhanced tropical convection anomalies go along with cyclonic and anticyclonic upper-tropospheric circulation patterns
to the northwest of these anomalies, respectively, extending across South Asia and the Middle East, consistent with previous
findings based on observations and model experiments (Barlow et al., 2005, 2007; Pourasghar et al., 2015; Hoell et al., 2018;
Almazroui, 2023). In the lower troposphere, opposite circulation patterns manifest over the Indian Ocean and South Asia with
anticyclonic circulation anomalies for MJO phases 7, 8, and 1 and cyclonic anomalies for MJO phases 3, 4, and 5. These
opposed upper- and lower-tropospheric circulation patterns reflect the strong baroclinic response in the regional tropical

circulation to MJO convective activity.

To further explore how the MJO shapes the thermodynamic and dynamic atmospheric conditions over the Middle East, we
construct composites, in a similar fashion as Pourasghar et al. (2015), Cannon et al. (2017), and Hoell et al. (2018), but for
total column water, vertically integrated horizontal water vapor transport, 500-hPa geopotential height, and 500-hPa vertical
motion, and for all individual MJO phases (Fig. 7). MJO phases 7-2 demonstrate anomalous southwesterly atmospheric
moisture transport, elevated atmospheric moisture content, and large-scale ascent across much of the Middle East, favoring
wet conditions (Fig. 7a-d). Conversely, MJO phases 3-6 feature anomalous northeasterly atmospheric moisture transport,
reduced moisture content, and large-scale subsidence over the region, supporting dry conditions (Fig. 7e-h). These atmospheric
circulation anomalies are consistent with the Matsuno-Gill-type response to tropical convection anomalies (Matsuno, 1966;
Gill, 1980) as suggested by several previous studies (Barlow et al., 2005, 2007; Hoell et al., 2012). Furthermore, Barlow et al.

(2005, 2007) argued that the circulation response over the Middle East to tropical convection anomalies in the eastern Indian
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Ocean during the cool season is analogous to the monsoon-desert mechanisms of Rodwell and Hoskins (1996, 2001), which
explains how the South Asia monsoon imposes large-scale subsidence and dry conditions over the eastern Mediterranean and
Middle East throughout summer (Tyrlis et al., 2013). While the MJO-related tropical convection anomalies during the cool
season occur much farther south than the Asian summer monsoon convection, the southerly shift of westerlies during the cool

season enables an equivalent response in the regional circulation to MJO-related tropical convection (Barlow et al. 2005, 2007).

While the above-described baroclinic response in the regional circulation to MJO convective activity has been pointed out by
several previous studies, a potential influence of the MJO on Middle Eastern precipitation operating via extratropical weather
systems has only been marginally explored. Barlow et al. (2005) proposed future research to assess whether the MJO influences
the intensity and number of midlatitude storms passing through Southwest Asia. Accordingly, Cannon et al. (2017) examined
the influence of the MJO on tracked westerly disturbances related to winter precipitation in the western Himalaya. In the next
two sections, we will examine whether the MJO influences extratropical Rossby wave dynamics in the form of anomalous
RWP amplitude and RWB occurrence over the Middle East. First, we will evaluate a possible immediate response resulting
from an altered background flow due to the baroclinic perturbation in the regional tropical circulation (Section 4.3). Second,

we will explore a possible lagged response via an extratropical circulation pathway (Section 4.4).

4.3 Immediate influence on Rossby wave dynamics via the regional tropical circulation?

To evaluate an immediate influence of the MJO on Rossby waves propagating into and breaking over the Middle East, we
construct composites of anomalous RWP amplitude and RWB occurrence during wet and dry events and compare the observed
signals against those in composites of MJO events in all eight phases (Figs. 8 and 9). Specifically, we consider the anomalous
RWP amplitude at 250 hPa (Fig. 8a) and in a zonal mean (20-60E) vertical cross section (Fig. 8b) during pentad 0 of wet
events. Consistent with Fig. 2a, RWP amplitudes are increased compared with climatology on the poleward side of the jet (Fig.
8a) and underneath the jet core extending towards the surface (Fig. 8b). Conversely, for dry events, RWP amplitudes are
reduced on the poleward side of the jet and underneath the jet core (Fig. 8k,l). Comparing these patterns of wet and dry events
to those of MJO events shows little resemblance. For instance, MJO phases 7, 8, and 1 demonstrate increased RWP amplitudes
far equatorward of the jet (Fig. 8c-h), contrasting with increased RWP amplitudes poleward and beneath the jet core as
observed during wet events Fig. 8a,b). Likewise, MJO phases 3-5 feature reduced RWP amplitudes far equatorward of the jet
(Fig. 8m-r), different from the significant decrease in RWP amplitude poleward and underneath the jet core as observed during
dry events (Fig. 8k,1). MJO phase 5 even shows a significant positive anomaly in RWP amplitude in the region where negative
anomalies would be expected based on dry conditions (Fig. 8q,r). Thus, while the MJO affects the upper-tropospheric
circulation over the broader Middle East, this influence does not modulate RWP amplitudes over the region in a manner that
is consistent with wet and dry events. Therefore, we find no evidence of the MJO shaping Middle Eastern precipitation

variability through an immediate influence on Rossby waves propagating into the Middle East region.
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Given that RWPs contain both phases of a wave, that is, troughs and ridges, which typically have an opposing influence on
precipitation formation, we repeat the same analysis, but for RWB occurrences, representing the trough phase of Rossby waves
only (Fig. 9). Previous case studies and climatological analyses have demonstrated a key role of RWB for the formation of
precipitation and extreme precipitation events in different parts of the Middle East (Evans and Smith, 2006; Kumar et al., 2015;
Vries et al., 2016; 2018; Tuel et al., 2022; Sandler et al., 2024; Francis et al., 2025). Figure 9a,b shows that wet events are
associated with an equatorward displacement of the subtropical jet, evident from positive and negative zonal wind anomalies
at the equatorward and poleward flank of the jet stream, respectively, consistent with De Vries et al. (2026). These zonal wind
anomalies extend into the lower troposphere and go along with increased RWB occurrences on the poleward side of the jet
and beneath the jet core (Fig. 9a,b). Conversely, for dry events, the subtropical jet is displaced poleward going along with
decreased RWB occurrences poleward and beneath the jet core (Fig. 9k,1). Similar to the composites of RWP amplitude
anomalies, we find for MJO phases 7, 8, and 1 strongly increased zonal winds on the equatorward side of the jet and somewhat
weakened zonal winds within the jet core (Fig. 9c-h). However, these zonal wind anomalies do not resemble the observed
patterns of wet events. Notably, RWB occurrences at the poleward side and beneath the jet are significantly decreased for MJO
phases 7 and 8 and significantly increased for MJO phase 2. For MJO phases 3-5, we observe strongly weakened zonal winds
on the equatorward side of the jet and strengthened zonal winds in the left exit region of the jet (Fig. 9m-r) substantially
differing from the patterns of dry events (Fig. 9k,1). Similarly, significant reductions in RWB occurrence are virtually absent

in regions where such signals would be expected based on the dry event composites.

The overall disparity between patterns of wet and dry events with those of MJO events suggests that the MJO influence on
Middle Eastern precipitation does not operate through an immediate response in Rossby waves propagating into and breaking
over the Middle East. Nevertheless, the contrast between negative anomalies in RWB occurrence for MJO phases 7 and 8 and
positive anomalies in RWB occurrence for MJO phase 2 is noteworthy given that both MJO phases are associated with a
precipitation increase. Returning to Fig. 6 shows that, as the region of reduced tropical convection moves into the West Pacific,
a region of enhanced tropical convection establishes over the Indian Ocean during MJO phase 2 (Fig. 6d). Consistent with the
Matsuno-Gill mechanism, an upper-tropospheric anticyclonic circulation anomaly forms over the southern Arabian Peninsula,
suggesting an apparent contradiction with the precipitation increase over the Middle East during this phase. However, Fig. 7b
shows that MJO phase 2 is also accompanied by a mid-tropospheric cyclonic circulation anomaly over the Middle East with
large-scale ascent on its eastern flank, consistent with the observed increases in RWB occurrence (Fig. 9i,j). These notions
suggest a transition from a tropically-excited baroclinic circulation anomaly to an equivalent barotropic circulation anomaly
over the Middle East as the MJO progresses from phase 7 to phase 2. In line with this suggestion, Cannon et al. (2017) showed
that the MJO influence on winter precipitation variability in the western Himalaya transits from thermodynamic influence

(moisture) during MJO phases 7 and 8 to dynamic forcing (westerly depression activity) during MJO phases 3 and 4.
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4.4 Lagged influence on Rossby wave dynamics via an extratropical pathway?

Previous studies pointed to a strong midlatitude Rossby wave response to MJO phases 2, 3, 6 and 7 propagating from the North
Pacific across North America into the North Atlantic basin (Tseng et al., 2019; Zhou et al., 2021; Quinting et al., 2024). MJO
phases 3 and 7 are of particular interest to Middle Eastern precipitation variability as these phases mark the start of dry and
wet conditions, respectively. To explore a possible extratropical pathway through which the MJO influences Middle Eastern
precipitation, we construct composites of 200-hPa and 850-hPa geopotential height anomalies during pentads 0, 1, 2 and 3 for

MJO phases 7 and 3 (Figs. 10 and 11).

MJO phase 7 convective activity over the West Pacific initiates a Rossby wave response arching northeastward over the North
Pacific and towards North America (Fig. 10a). This wave train features an anticyclonic circulation anomaly over the subtropical
West Pacific and a cyclonic anomaly over the central North Pacific midlatitudes during pentad 0 (Fig. 10a). During pentad 1,
a strong anticyclonic circulation anomaly builds over the high latitudes of North America (Fig. 10b), followed by a cyclonic
anomaly over central and northern Europe during pentads 2 and 3 (Fig. 10c,d). Farther downstream, during pentad 3, an
anticyclonic circulation anomaly emerges over central Asia and a cyclonic anomaly over the Middle East (Fig. 10d). Note that
the cyclonic circulation anomaly over the Middle East differs from the non-significant circulation patterns observed during
pentad 0 of MJO phase 2 (not shown) and is therefore unlikely to result from the immediate response in the regional tropical
circulation of the eastward progressing MJO. Evidence of the extratropical pathway is further supported by same-signed
anomalies in the upper- and lower-troposphere, indicative of an equivalent barotropic Rossby wave response in an eastward
direction, reaching from the North Pacific to the Eurasian continent (Fig. 10a-d). Importantly, whereas the 200-hPa and 850-
hPa geopotential height anomalies over the Middle East feature negative and positive anomalies during pentad 0, respectively,
these anomalies both have a negative sign during pentad 3, suggesting a change from a baroclinic circulation anomaly to an

equivalent barotropic circulation anomaly over the Middle East.

Switching our attention to MJO phase 3, we find a similar Rossby wave response across the Northern Hemisphere but of
opposite sign (Fig. 11). This wave train features alternating cyclonic and anticyclonic circulation anomalies over the North
Pacific and the west coast of North America during pentad 0 (Fig. 11a). The cyclonic circulation anomaly over the North
American west coast strengthens, followed by a Rossby wave train propagating across North America, the North Atlantic, and
Europe during pentads 1 and 2 (Fig. 11b,c). Pentad 3 shows a cyclonic circulation anomaly over central Asia and an
anticyclonic anomaly over the Middle East (Fig. 11d). Different from MJO phase 7, the extratropical Rossby wave train
manifests much clearer over the North Atlantic and Europe for MJO phase 3. However, similar to MJO phase 7, we note a
barotropic circulation anomaly over the Middle East during pentad 3 with positive 200-hPa and 850-hPa geopotential height

anomalies (Fig. 11d). Note that the anticyclonic circulation anomaly over the Middle East is well separated from the
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anticyclonic circulation anomaly over East Asia. The former exhibits characteristics of an equivalent barotropic response and

the latter, located to the northwest of enhanced tropical convection over the West Pacific, of a Matsuno-Gill-type response.

Next, we focus on the regional circulation response over the Middle East to the MJO using spatially averaged anomalies in
200-hPa and 850-hPa geopotential height and stratospheric PV structure occurrences expressed as a function of MJO phase
and time lag (Fig. 12b-d). While the 200-hPa and 850-hPa geopotential height anomalies show a similar evolution in time, we
also note a clear shift in the upper- and lower-tropospheric anomalies with respect to MJO phase (Fig. 12b,c). Based on the
difference and similarity in sign of the upper- and lower-tropospheric anomalies, we designate the circulation response as
baroclinic and barotropic, respectively, expressed by red and blue rectangles overlaid in Fig. 12a, on top of the spatially
aggregated precipitation anomalies as in Fig. 5a. This depiction confirms the earlier notions that the precipitation increase for
MJO phase 7 concurs with a transition from a baroclinic circulation response during pentad 0 to a barotropic circulation
response during pentads 2 and 3. Consistent with this pattern, RWB occurrences over the Middle East are significantly
increased during lag days +15 to +19 (Fig. 12d). Similarly, dry conditions for MJO phase 3 are associated with baroclinic
circulation anomalies during pentad 0 and with barotropic circulation anomalies during pentads 2 and 3 (Fig. 12a). The lagged
barotropic response promoting dry conditions is more pronounced than the lagged response to MJO phase 7, extending into
pentads 3 and 4 for MJO phases 1 and 2. Generally, the transition of an immediate baroclinic to a lagged barotropic circulation
response is visible across MJO phases given the dominance of red rectangles during pentad 0 and prior to the onset of MJO
events and the increasing dominance of blue rectangles during pentads 2, 3 and 4. Altogether, our analysis suggests that the
MJO influence on Middle Eastern precipitation variability is primarily exerted through an immediate baroclinic response in
the regional tropical circulation, consistent with the Matsuno-Gill model, and to a lesser extent, through a lagged response via

the extratropics in the form of an equivalent barotropic Rossby wave response.

5. Concurrent influence of the MJO and Rossby wave dynamics on Middle East precipitation variability

So far, we have found that the MJO modulates Middle Eastern precipitation variability predominantly through its immediate
influence via the regional tropical circulation and to a much smaller degree through a lagged response via the extratropical
circulation, suggesting that tropical and extratropical forcing mechanisms operate largely independent of one another. This
raises the question of how concurrent MJO events and Rossby wave dynamics govern the precipitation variability in the Middle
East. To address this question, we construct composites of relative anomalies in multi-day precipitation based on events with
anomalously strong and weak RWB concurring with an inactive MJO and with MJO phases 7-2 and phases 3-6 (Fig. 13),
associated with precipitation increase and decreases, respectively (Figs. 4 and 5). Events with anomalously strong RWB
concurring with an inactive MJO are, as expected, accompanied by a strong and significant precipitation increase across the
region of interest, locally exceeding 75% (Fig. 13a). Conversely, anomalously weak RWB events concurring with an inactive

MJO are characterized by a strong and significant precipitation decrease falling below -50% of the climatological mean (Fig.
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13b). Interestingly, anomalously strong RWB events concurring with MJO events in phase 7-2 are associated with a much
stronger precipitation increase than concurrence with an inactive MJO, exceeding 150% over much of the target region (Fig.
13¢). Likewise, anomalously weak RWB events concurring with MJO events in phase 3-6 result in much drier conditions than
concurrence with an inactive MJO, showing precipitation anomalies falling below -75% over the central Arabian Peninsula
(Fig. 131). In contrast, events with anomalously strong RWB concurring with MJO phase 3-6, and events with anomalously
weak RWB concurring with MJO phase 7-2, result in weak precipitation anomalies with both positive and negative signs in
different parts of the regions of interest with limited significance (Fig. 13d,e). This shows that the MJO influence can either

reinforce or mute the multi-day precipitation response that can be expected from midlatitude forcing alone.

To provide process understanding of how concurrent MJO events and midlatitude Rossby wave forcing modulate Middle
Eastern precipitation variability, we construct analogue composites as in Fig. 13 but with atmospheric thermodynamic and
dynamic characteristics (Fig. 14). As expected, events with anomalously strong RWB, concurring with an inactive MJO,
feature a mid-tropospheric cyclonic circulation anomaly centered on the Levant along with strengthened southwesterly
atmospheric moisture transport, enhanced atmospheric water content, and dynamic lifting on its downstream flank, favoring
wet conditions (Fig. 14a). Concurrence of anomalously strong RWB events with MJO phases 7-2 shows a similar mid-
tropospheric cyclone compared with a concurring inactive MJO but with much stronger anomalous atmospheric moisture
transport, larger positive anomalies in atmospheric water content, and stronger and more widespread upward motion (Fig.
14c). In contrast, anomalously strong RWB events concurring with MJO phases 3-6 are characterized by a somewhat weaker
mid-tropospheric trough, weaker upward motion, and an absence of enhanced southerly moisture transport anomalies over the
Arabian Sea along with near-zero to even negative anomalies in atmospheric moisture content over the Middle East (Fig. 14e).
This suggests that the MJO influence can regulate the efficiency of midlatitude disturbances in generating precipitation through

strengthening or suppressing moisture supply and large-scale vertical motion.

Conversely, events with anomalously weak RWB concurring with an inactive MJO demonstrate a mid-tropospheric
anticyclonic circulation anomaly with anomalous northeasterly moisture transport, reduced atmospheric water content, and
large-scale descent on its eastern flank, promoting dry conditions (Fig. 14b). Concurrence of anomalously weak RWB events
with MJO phases 3-6 displays a similar mid-tropospheric anticyclone as with a concurring inactive MJO but with larger
negative anomalies in atmospheric moisture content and more widespread subsidence (Fig. 14f). By contrast, concurrence of
anomalously weak RWB events with MJO phases 7-2 show weaker northeasterly moisture transport anomalies, both positive
and negative atmospheric moisture content anomalies, and limited large-scale descent over the region of interest (Fig. 14d).
Altogether, the results suggest that the remote influence of the MJO can amplify or mute the precipitation response to local
midlatitude Rossby wave forcing by supplying or depriving the region from southwesterly moisture transport and by imposing
large-scale upward or downward motion, either reinforcing or counterbalancing the influence of breaking Rossby waves on

the formation of precipitation.
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To further quantify the influence of concurrent MJO and Rossby wave forcing on Middle Eastern precipitation, we compute
the spatially averaged precipitation anomalies for days with anomalous RWB categories defined by a range in standard
deviations and the eight MJO phases (Fig 15b). For reference, Fig. 15a presents the number of days falling into the respective
categories of RWB anomalies and MJO phases. Consistent with the earlier analysis, concurring strong RWB with MJO phases
7-2 produce the largest precipitation increases, reaching over +100% from climatology, and concurring weak RWB with MJO
phases 3-6 result in the largest precipitation decreases falling below —75% (Fig. 15b). Remarkably, MJO phases 4 and 5 are
able to cancel out the precipitation increase under the largest RWB occurrence anomalies. Likewise, MJO phases 8 and 1
during anomalously weak RWB can offset dry conditions, or even result in positive precipitation anomalies. These results
show that the remote influence of the MJO and local Rossby wave forcing contribute approximately equally to precipitation

variability in the Middle East on daily timescales.

6. Summary

The arid climate and mountainous character of the Middle East along with the high precipitation irregularity make the region
prone to both drought and flooding. Such hydrometeorological hazards - further amplified by climate change - have been
suggested to spark armed conflict and displacement (Gleick, 2014; Kelley et al., 2015; Daoudry et al., 2022), and conversely,
political dispute, war, and migration in the region make the population more vulnerable to these hazards (Barlow et al., 2016;
Zittis et al., 2022; Coleman et al., 2026). Given that much of the annual total precipitation falls during only a few rainfall
events per year, it is thus of high societal and scientific importance to better understand the atmospheric mechanisms that
modulate the precipitation variability in this region. Previous studies have shown that Middle Eastern precipitation at daily
timescales is strongly influenced by both extratropical forcing through Rossby waves propagating and breaking into the region
(Evans and Smith, 2006; Kumar et al., 2015; Almazroui et al., 2016; De Vries et al., 2016, 2018; Tuel et al., 2022; Breeden et
al., 2023; Sandler et al., 2024; Francis et al., 2025) and by intraseasonal variability in tropical convection related to the Madden-
Julian Oscillation (Barlow et al., 2005, 2007; Nazemosadat and Ghaedamini, 2010; Hoell et al., 2012, 2018). However,
previous work focused primarily on these extratropical and tropical forcing mechanisms in isolation, and the combined effect
of these two forcing mechanisms on Middle Eastern precipitation remained largely unknown. This study quantifies the
influence of the MJO and midlatitude Rossby wave dynamics on Middle Eastern precipitation variability on daily to multi-day

timescales during the cool season and clarifies the underlying atmospheric mechanisms.

Our study set out by taking the perspective of wet and dry events in the Middle East, showing that both wet and dry conditions
are associated with anomalous circulation patterns in the extratropical and tropical circulation, indicative of amplifying and
breaking Rossby waves and MJO convective activity. An inversed approach — taking the MJO as a starting point — shows that

MJO phases 7-2 are associated with precipitation increases across the Middle East and MJO phases 3-6 with precipitation
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decreases, in line with previous studies (Pourasghar et al., 2015, 2019; Hoell et al., 2018; Nazemodadat and Shahgholian,
2017; Almazroui, 2023). Specifically, these precipitation anomalies are largest for MJO phases 8 and 1, locally exceeding
150% above normal conditions, and MJO phases 4 and 5, falling below —75% from the climatological mean. Anomalies in
spatially aggregated precipitation across the region of interest exceed 50% and fall below —50% from climatology, and persist
up to three weeks after the onset of MJO events. The MJO — Middle Eastern precipitation relationship is less coherent and

weaker under El Nifio conditions and more persistent and stronger under La Nifia conditions.

Detailed composites of atmospheric thermodynamic and dynamic conditions corroborate previous studies, showing that the
MIJO modulates Middle Eastern precipitation variability through a baroclinic response in the regional tropical circulation
(Barlow et al., 2005, 2007; Hoell et al., 2012, 2018). Reduced tropical convection over the eastern Indian Ocean and Maritime
Continent sets up an upper-tropospheric cyclonic circulation anomaly to the northwest of the convective anomaly, reaching
across South Asia and the Middle East. In the lower troposphere, an anticyclonic circulation anomaly steers warm, moist air
masses from the south into the region of interest. Enhanced atmospheric moisture content combined with large-scale ascent
shape favorable conditions for the formation of precipitation. Conversely, enhanced tropical convection over the eastern Indian
Ocean and Maritime Continent generate an upper-tropospheric anticyclonic and lower-tropospheric cyclonic circulation

anomaly, linked to widespread subsidence and northeasterly advection of cold and dry air, suppressing precipitation.

While the MJO alters the atmospheric circulation over the Middle East, we find no evidence of a robust and immediate response
in Rossby waves propagating and breaking into the Middle East in a manner that is consistent with the patterns observed for
wet and dry events. For example, anomalies in RWP amplitudes during MJO events do not resemble the positive (negative)
RWP amplitude anomalies on the poleward side and beneath the jet core as observed during wet (dry) events. Notably, RWB
occurrences are decreased at the poleward flank and beneath the jet core during MJO phases 7 and 8 but increased during MJO
phase 2, showing a disparity with the observed RWB occurrence increases at this location for wet events. Interestingly, the
shift from negative to positive RWB occurrence anomalies during MJO phases 7 — 2, when precipitation is generally increased,
aligns with a transition from a baroclinic to a barotropic atmospheric circulation anomaly over the Middle East. Composites
of the midlatitude circulation for MJO events in phase 7 (phase 3) suggest an eastward propagating equivalent barotropic
Rossby wave train throughout the extratropics, associated with a barotropic cyclonic (anticyclonic) circulation anomaly over
the Middle East approximately two to three weeks after the onset of MJO events, extending the wet (dry) conditions initiated
by the immediate baroclinic response to the respective MJO phases. Altogether, our results suggest that the MJO primarily
modulates the Middle Eastern precipitation through the immediate baroclinic response in the tropical regional circulation,
consistent with the Matsuno-Gill model, and to a lesser extent through a lagged response via the extratropical circulation in

the form of an equivalent barotropic Rossby wave train.
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To evaluate how the concurrent influence of the MJO and Rossby wave dynamics modulate Middle Eastern precipitation
variability, we compared the coincidence of anomalously strong and weak RWB events during MJO phases 7-2 and phases 3-
6 against the coincidence with an inactive MJO. Concurrent anomalously strong RWB with MJO phases 7-2 result in amplified
wet conditions over the Middle East compared to concurrence with an inactive MJO. Conversely, anomalously weak RWB
concurring with MJO phases 3-6 result in very dry conditions. In contrast, concurrence of anomalously strong RWB with MJO
phases 3-6, and of anomalously weak RWB with MJO phases 7-2, leads to a muted precipitation response. The regional
baroclinic perturbation induced by MJO convection strengthens or reduces atmospheric moisture transport into the Middle
East and imposes large-scale ascent or descent, thereby regulating the efficiency of midlatitude Rossby waves in forming or
suppressing precipitation. Importantly, the influence of the MJO can double or neutralize the precipitation response that would
be expected from the midlatitude forcing alone. For example, whereas spatially aggregated precipitation anomalies during
anomalously strong RWB are amplified during MJO phases 8 and 1, these anomalies can become negative for concurrence
with MJO phases 4 and 5. Likewise, negative precipitation anomalies during anomalously weak RWB are strengthened during
MJO phases 4 and 5, but can become positive for concurrence with MJO phases 8 and 1. In summary, the remote influence of
the MJO modulates the daily to multi-day precipitation variability in the Middle East with a comparable magnitude as the local

midlatitude Rossby wave forcing.

The reader should keep several limitations and specifics of the study in mind when interpreting the results. While the wet and
dry event perspective (Sect. 3) showed similar patterns in the extratropical and tropical circulation on a monthly basis, most
of analysis is based on a wet season average, and thus, the results may differ across individual months of the wet season. While
the spatially aggregated anomalies in precipitation yield specific quantifications, one should bear in mind that MJO influence
manifests primarily in the southern and eastern portions of the target region, and that the measured influence of midlatitude
forcing may be sensitive to the specific choice of the region for defining events with anomalous RWB occurrence. While our
results suggest a response in Middle Eastern precipitation via an extratropical circulation pathway, future research may
substantiate these findings based on target model experiments to disentangle the lagged influence through the circumglobal

midlatitude circulation from the immediate response via the regional tropical circulation.

Overall, our study contributes to improved process-understanding of tropical and extratropical forcing mechanisms of daily to
multi-day precipitation variability in the Middle East during the wet season. Previous studies have emphasized that
precipitation forms under the influence of tropical-extratropical interactions at synoptic scales (Kahana et al., 2002; Rubin et
al., 2007; De Vries et al., 2016, 2018). Our study shows that the influence of both tropical and extratropical forcing extends
beyond synoptic scales towards larger and planetary scales and from daily to sub-seasonal timescales. Our findings may help
interpret and improve medium-range to sub-seasonal prediction of precipitation and assist early warnings for flood and drought
hazards. Our study also provides a framework for evaluating the climate model representation and future changes of

precipitation in a water-scarce and socio-politically vulnerable region.
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Figure captions
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Figure 1. (a) Annual precipitation amounts (mm) from MSWEP (1979-2020) in opaque colors within the target region and in
transparent colors outside the target region. Orange contours demarcate the region where more than 80% of the annual
precipitation falls during the cool season (November-April), and the purple contours highlight an aridity index of 0.2, denoting the
boundary between a semi-arid and arid climate. (b) Annual cycle of the daily precipitation climatology with the 21-day multi-year
running mean and the thresholds to define wet and dry events in lines, and the daily precipitation amounts in dots, see the legend.
Note that some days with precipitation exceeding the thresholds do not belong to wet or dry events due to the persistence criterion
or due to their occurrence during the warm season (grey shading).
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Figure 2. Composites of the atmospheric circulation based on the onset of wet events in the Middle East from November to April for
the period 1979-2020. (a) Daily anomalies at lag day 0, in the extratropical domain, of 250-hPa meridional wind (m s’') in bluish-
reddish colors, of RWP amplitudes (m/s) in green solid and dashed contours for positive and negative values at 1 m s™! intervals,
respectively, and of vertically aggregated stratospheric PV structure occurrences in green and purple hatching, see the legend; and
in the tropical domain, of OLR (W m) in purple-greenish colors (negative values indicate decreased OLR, i.e., enhanced convection,
and positive values denote increased OLR, i.e., reduced convection), and in the entire domain, of vertically integrated horizontal
water vapor transport (kg m™! s™) in red vectors. (b) Hovméller diagram with 6-h anomalies of 250-hPa meridional wind (m s™) in
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colors and of RWP amplitudes (m s™') in green contours at 0.5 m s! intervals, averaged over the latitudes 20-60°N. (c¢) Hovméller
diagram with daily mean anomalies of OLR (W m2) averaged over latitudes 10°S-10°N. Anomalies in 250-hPa meridional wind,

635  stratospheric PV structure occurrences, and OLR in (a-c) are only shown where statistically significant based on a Monte Carlo test
with 1,000 samples and a two-sided test at the p < 0.05 level. Vectors in (a) are only shown where magnitudes in IVT anomalies,
derived from their zonal and meridional components, exceed 20 kg m™' s°1.
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Figure 3. As Fig. 2 but with composites based on the onset of dry events.
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Figure 4. Relative precipitation anomalies in MSWEP for MJO phases (rows) 1-8 and (left column) pentad 0, lag day 0 to +4, (middle
column) pentad 1, lag day +5 to +9, and (right column) pentad 2, lag day +10 to +14. Diagonal hatching denotes statistical significance
in the 5-day anomalies at the p < 0.05 level. For reference, the target region is indicated in purple contours, see text for details.
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Figure 5. Relative anomalies in spatially aggregated daily precipitation over the target region for all MJO phases and time lags from-
30 to +30 days with respect to the onset of MJO events for (a) all MJO events, (b) only MJO events during El Nifio conditions, and
(c) only MJO events during La Nifia conditions. Hatching denotes statistical significance at the p <0.1 level.
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Figure 6. Composites of anomalies in OLR (W m?) in color, whereby negative values indicate enhanced convection and positive
values reduced convection, in 200-hPa geopotential height (gpm) in solid and dashed black contours for positive and negative values,
respectively, at intervals of 8 gpm up to 50 gpm, and in 850-hPa horizontal wind (m s™) in blue vectors for pentad 0 of MJO (a) phase
7, (b) phase 8, (c) phase 1, (d) phase 2, (e) phase 3, (f) phase 4, (g) phase 5, and (h) phase 6. OLR anomalies are only shown where
significant at the p <0.05 level. Wind vectors are only shown where anomalous wind speeds, derived from their zonal and meridional
components, exceed 0.5 m s-!. The target region is indicated in blue contours for reference.
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Figure 7. Composites of anomalies in total column water (kg m) in colors, in 500-hPa geopotential height contours at 4 gpm intervals
up to 20 gpm, in solid and dashed for positive and negative values, respectively, in vertically integrated horizontal water vapor
transport (kg m™' s) in red vectors, and in 500-hPa omega (Pa s™!) in hatching (see the legend) whereby negative values correspond
to upward motion and positive values to downward motion. Panels show pentad 0 of MJO (a) phase 7, (b) phase 8, (c) phase 1, (d)
phase 2, (e) phase 3, (f) phase 4, (g) phase S, and (h) phase 6. Anomalies in total column water are only shown where significant at
the p < 0.05 level. Red vectors are only shown where anomalous IVT, derived from their zonal and meridional components, exceed
5kg m' s7'. The target region is indicated in blue contours for reference.
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Figure 8. Composites of anomalies in RWP amplitudes for the onset day of (a,b) wet events and (k,l) dry events and pentad 0 for
MJO events in (c,d) phase 7, (e,f) phase 8, (g,h) phase 1, (i,j) phase 2, (m,n) phase 3, (o,p) phase 4, (q,r) phase 5, and (s,t) phase 6. In
(a,c,e,8,i,k,m,p,q,s) 250-hPa RWP amplitude anomalies in colors and the climatological mean 250-hPa zonal winds in black contours
at 5 m s” intervals. In (b,d,f,h,j,1,n,p,q,t) the zonal mean (20-60°E) RWP amplitude anomalies in colors and the climatological zonal
mean zonal wind in black contours. Anomalies in RWP amplitude are only shown where statistically significant at the p < 0.05 level.
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Figure 9. As Fig. 8 but with zonal wind anomalies in color and relative anomalies in stratospheric PV structure frequencies in green

and purple hatching, see the legend. Stratospheric PV structure frequencies in (a,c,e,g,h,k,m,p,q,s) are based on vertically aggregated

occurrences across the 300-350K isentropic surfaces, and in (b,d,f,h,j,1,n,p,q,t) on zonal mean (20-60E) occurrences across the 275-

360K isentropic surfaces interpolated to pressure levels. Isentropic surfaces in zonal mean cross sections are indicated in grey
670 contours at 5K intervals. Zonal wind and stratospheric PV structure occurrences are only shown where statistically significant at

the p < 0.05 level.
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Figure 10. Composites of the circulation anomalies for MJO phase 7, (a) pentad 0, (b) pentad 1, (c) pentad 2, and (d) pentad 3, with
200-hPa geopotential height in colors, north of 16N, and in black contours at 8 gpm intervals up to 40 gpm, in solid and dashed lines
for positive and negative values, respectively, throughout the domain. Anomalies of 850-hPa geopotential height are shown in green
contours at 4 gpm intervals up to 20 gpm, in solid and dashed for positive and negative values, respectively, throughout the domain,
and of OLR in colors, south of 14N. Anomalies in 200-hPa geopotential height and OLR in colors are only shown where statistically

significant at the p < 0.05 level.
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Figure 11. As Fig. 10 but for MJO events in phase 3.
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Figure 12. Spatially averaged anomalies as a function of MJO phase and time lag (days) from MJO event onset showing (a) relative
anomalies in precipitation over the target region, as in Fig. Sa, but with red and blue boxes indicating baroclinic and barotropic
circulation anomalies based on opposed and equal signed anomalies, respectively, of 200-hPa and 850-hPa geopotential height. (b-
d) spatially averaged anomalies over the region 35-55°E, 20-35°N, of (b) 250-hPa geopotential height, (c) 850-hPa geopotential height,
and (d) vertically aggregated stratospheric PV structure occurrences. Hatching denotes statistical significance of anomalies at the p
< 0.1 level.
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Figure 13. Relative anomalies in multi-day precipitation from lag day -1 to +2 for events with RWB occurrence anomalies (a,c,e)
exceeding 1 standard deviation from climatology and (b,d,f) falling below -1 standard deviation from climatology, concurring with
(a,b) an inactive MJO, (c,d) MJO phases 7-2, and (e,f) MJO phases 3-6. Diagonal hatching denotes statistical significance in 4-day
anomalies at the p < 0.05 level. The target region is for reference indicated in blue contours.

32



https://doi.org/10.5194/egusphere-2026-5324

Preprint. Discussion started: 9 September 2026 EG U h .

© Author(s) 2026. CC BY 4.0 License. spnere
@ ® Preprint repository

BY

inactive MJO

MJO phase 7-2

MJO phase 3-6

10°E 30°E 50°E 70°E 10°E 30°E 50°E 70°E

—45-35-25-15-05 0.5 15 2.5 3.5 45 = Skgm=is?
[kg/m~2]
500-hPa omega [Pa s™!]
. <-0.02 <-0.01 > 0.01 XX> > 0.02

Figure 14. As Fig. 13 but then for anomalies in total column water (kg m) in colors, only shown where statistically significant at the

690 p <0.05 level, in 500-hPa geopotential height contours at 4 gpm intervals up to 20 gpm with positive and negative values in solid and
dashed, respectively, and in vertically integrated horizontal water vapor transport (kg m™' s') in red vectors where magnitudes of
zonal and meridional component anomalies exceed 5 kg m™! s°1.
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Figure 15. Heatmaps with (a) averaged number of days and (b) spatially averaged relative anomalies in precipitation (%) of days
with anomalous RWB and concurring MJO phase. The data is based on binning RWB occurrence anomalies in the box 25-45E, 20-
40N, also used to define anomalous RWB events (see Fig. 9a,k), and spatially aggregated precipitation in the target region. Hatching
denotes statistical significance at the p < 0.1 level.
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Figure A6. As Fig. 2 but for the month April and a two-sided test at the p < 0.1 level.
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